Anterior cruciate ligament (ACL) injury is the common ligamentous injury of the knees. An ACL reconstruction is the procedure that has been proven to improve knee stability and functional outcomes and may prevent the osteoarthritic changes and subsequent meniscal injuries. The ACL reconstruction techniques have been developed in various ways. Anatomical single-bundle ACL reconstruction with remnant augmentation technique is the optimal reconstruction procedure. It may improve the clinical outcomes of biological healing, preserve the proprioceptive function, and has shown less tibial tunnel widening postoperatively. This chapter presents the step-by-step technique of an anatomical single-bundle ACL reconstruction, indication and contraindication for surgery, the preferred graft choice, fixation methods, pearls and pitfalls of the procedure, and postoperative rehabilitation. The review of literatures about the remnant preserving ACL reconstruction is also discussed in this chapter.
Introduction
Anterior cruciate ligament (ACL) injury is the common ligamentous injury of the knees, especially in active, healthy patients. An ACL reconstruction is the procedure that has been proven to improve knee stability and functional outcomes. Although there have been no clear benefits and prevention of osteoarthritic changes following ACL reconstruction [1, 2] , some studies have proven that this operative procedure can prevent these changes and subsequent meniscal injuries [3, 4] .
The ACL reconstruction techniques have been developed in various ways. These include single-bundle reconstruction, double-bundle reconstruction, selective bundle reconstruction, single-bundle reconstruction with remnant preservation, and double-bundle reconstruction with remnant preservation. With so many techniques, there has yet to be determined as to what is the best technique that provides the greatest stability and preserves knee functions (proprioceptive sensation, range of motion).
This chapter presents one optional ACL reconstruction technique that uses anatomic singlebundle anterior cruciate reconstruction with remnant augmentation. This technique is simple, has shown improved knee stability, may preserve the proprioceptive function, may accelerate cellular proliferation and revascularization of the grafted tendon, and has shown a lower incidence of tibial tunnel enlargement postoperatively.
The anatomic single-bundle anterior cruciate ligament reconstruction with remnant augmentation
The functional ACL bundles consist of two parts that include the anteromedial (AM) and the posterolateral (PL) bundles. The anatomical placement of the reconstructed ACL graft has similar forces as compared to the native ACL [5] . The different techniques for ACL reconstruction aim to perform as near a normal anatomic reconstruction as possible. The double-bundle reconstruction technique has become the more popular procedure. However, the doublebundle technique is more technically demanding and more costly and has limited evidence of superior results when compared with the single-bundle reconstruction technique [6] . The centrally placed anatomic single-bundle ACL reconstruction is the common operative procedure and has been proven to restore normal knee function [7, 8] .
The ACL remnants are often found during arthroscopic ACL reconstruction of the knee (Figure 1) . A previous study reported that the mechanoreceptors that are found in the ACL remnant may contribute to the proprioception of the knee [9] and provide some biomechanical stability of the knee [10] . An immunohistochemical study [11] on the morphology and the quantity of mechanoreceptors in 40 ACL reconstruction patients shows that the time from injury to surgery was negatively correlated with the number of total mechanoreceptors (r = −0.52, p < 0.01). This study emphasizes the role of the ACL stump or ACL remnant that has a role in the preservation of proprioceptive functions of the knee.
The ACL remnant is the tissue bridge between the tibia and either the posterior cruciate ligament (PCL) or the intercondylar notch. This remnant tissue maybe developed from the synovial scar, the remnant of the ACL, and the partial rupturing of the anteromedial (AM) or posterolateral ACL bundles. Although the injured knee has the remnant of the ACL, this remnant is often in an abnormal position and could not have the normal biomechanical functions identical to an intact ACL.
The remnant-preserving technique in ACL reconstruction was introduced in 1992 [12] . This procedure has theoretical advantages that include (1) possible promotion of the revascularization and the synovial coverage of the graft, (2) improvement of knee stability, (3) preservation of the proprioceptive function of the knee, and (4) development of a lower incidence of tunnel widening postoperatively.
The ACL reconstruction with remnant augmentation has been developed in various ways. Some of these include:
1. Selective single-bundle reconstruction of the isolated ruptured bundle (AM or PL bundle):
this technique is performed if the intact bundle remains attached at its anatomical origin.
2.
Anatomic center, single-bundle reconstruction with remnant-preserving technique: this technique is indicated if both ACL bundles are completely torn but retain the ACL remnant in a nonanatomical position.
3.
Anatomic double-bundle reconstruction with remnant-preserving technique: this technique might be indicated as in the anatomic center single-bundle reconstruction but has a near normal ACL and may provide more stability of the reconstructed knee.
A prospective, randomized controlled trial (RCTs) study [13] was evaluated in two groups. There were 45 patients with remnant-preserving ACL reconstruction, and these were compared with 45 patients who underwent a standard ACL reconstruction. Proprioception measurements were evaluated using a passive angle reproduction test with the Biodex detector (Shirley, New York) in 80 patients preoperatively and at the last follow-up appointment. There were no differences seen between both groups at the final follow-up (mean ± SD, degree = 3.6 ± 1.8 in preservation group and 3.9 ± 2.2 in standard group, p = 0.739).
A systematic review of clinical outcomes of remnant-preserving augmentation ACL reconstruction [14] evaluated 13 studies including five RCTs, six case studies, and two retrospective cohort studies. The patients were 14-62 years of age and were treated with various surgical techniques (the selective single-bundle reconstruction, remnant-tensioning technique, or remnant-sparing technique) using various types of grafts. The results showed that only two of the nine studies had exhibited a small significant side-to-side difference in the remnant-preserving groups. In the standard technique group, only 1 of 13 studies showed significant higher Lysholm scores in the remnant-preserving groups. Two of 13 studies showed significantly less tibial tunnel enlargement in the remnant-preserving groups. There were no significant reported complications in both groups (including the development of cyclops lesions).
The meta-analysis of the clinical outcomes of single-bundle ACL reconstruction with and without remnant preservation [15] in 6 RCTs, 378 patients (190 remnant-preserving patients, and 188 standard ACL reconstructions) had shown no significant differences in anterior stability, the pivot shift test, knee function scores, and the development of cyclops lesions. However, two RCTs from the remnant-preserving group had a lower percentage of tibial tunnel enlargement (obvious heterogeneity, p = 0.067, I 2 = 70.3%). The percentage of tibial tunnel enlargement was 6.6 ± 0.8% vs. 2.4 ± 0.3% in one study and 34 ± 8.9% vs. 25.7 ± 6.7% in another study with significantly different results.
The study of the clinical outcomes with an arthroscopic reevaluation following ACL augmentation [16] From previous studies, ACL reconstruction with remnant augmentation has shown comparable results with the standard ACL reconstruction. Although ACL reconstruction with remnant augmentation may not has proven to provide the benefits in terms of stability improvement, graft healing, proprioceptive functions, and clinical outcomes, this technique has significantly less tibial tunnel widening postoperatively and no greater incidence of complications. These complications include the occurrence of the cyclops lesions.
Surgical technique
This chapter shows the technique of anatomic center, single-bundle ACL reconstruction with remnant augmentation. Indications for this surgery are active patients with clinical instability from an ACL-deficient knee. The patients must have normal alignment of the lower extremity, have no advanced knee osteoarthritic changes, and should have good knee range of motion preoperatively (more than 90° arch of motion). Obvious knee stiffness, active infection, or the patients with skeletal immaturity are relative contraindications for this procedure. If the patients have a significant malalignment of the knee, corrective osteotomy is indicated. The patients are evaluated for knee instability, with special attention to the anterior laxity using the anterior drawer, Lachman's test, and the pivot shift tests. The preoperative knee laxity was not an indicator of either the presence or lack of the presence of the ACL remnant. Associated knee pathologies such as ligamentous tears, meniscus lesions, or cartilage lesions are evaluated preoperatively. Magnetic resonance imaging (MRI) of the affected knee is obtained to evaluate the condition and associated pathologies of the ACL (Figure 2) .
The patient is positioned supine with the operative knee flexed to approximately 90°. The procedure is done under spinal or general anesthesia depending on the patients' preference. The affected knee is draped and freely prepped from the proximal thigh to the foot. An arthroscopic examination is performed using standard anterolateral viewing and a standard anteromedial working portal (Figure 3) . After cleaning the obstacles of fatty tissue and the ligamentum mucosum in the tibiofemoral compartment, the torn ACL and the ACL remnant are identified. Both menisci are then evaluated, and then the menisci are repaired or resected depending on the conditions found.
A quadruple semitendinosus autograft is harvested and prepared from the affected knee. The quadruple autograft length should be more than 6.5 cm, and the graft's diameter should be at least 7.5 mm. If the semitendinosus autograft is inadequate in size, an additional double or triple autogenous gracilis is also harvested. The EndoButton (Smith & Nephew, Andover, MA) is used for the graft's fixation point at the femoral side, and an interference screw (Smith & Nephew) is used for tibial fixation of the graft. Keeping in mind that the anatomic position of the tunnel is more important than the obstacle remnant of the ACL tissue, the femoral tunnel is created using a transportal technique from a standard anteromedial portal (Figure 4) . 
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The medial femoral condyle is carefully protected during the creation of the femoral tunnel to avoid an iatrogenic cartilage injury [17] . The graft should be inserted within the femoral tunnel, and it should be at least 15 mm in length. Next, the tibial footprint of the ACL is identified.
In this step, the ACL remnant at the tibial footprint often needs to be partially removed until obtaining the appropriated tibial footprint. The tibial tunnel is then created using a transtibial ACL guide pin (Acufex Director Drill Guide, Smith & Nephew) that is then inserted from a standard anteromedial working portal (Figure 5) . If the position of the guide pin is not positioned through the center of the tibial footprint, an increment reamer is used to adjust the position of the guide pin [18] .
After creating the femoral and tibial tunnels, the prepared autograft is passed from the anteromedial tibial cavity through the tibia and into the lateral intercondylar notch of the femur. The EndoButton is tested for possible dislodgement of the femoral cortex. Pretensioning of the ACL graft is performed, and the knee's motion is checked to evaluate of the graft position and the presence of an impingement (Figure 6 ). The ACL graft is then fixated at the tibia with an appropriately sized interference screw positioned eccentrically under adequate ACL graft tension in a position of nearly full extension of the operative knee (Figure 7) . Postoperative radiographs are taken to evaluate the positioning of the implants and the femoral and the tibial tunnel positions (Figure 8 ). Figure 9 represents the stepby-step process of a remnant-preserving ACL reconstruction of a 26-year-old woman with injury to her left knee. Recent Advances in Arthroscopic Surgery 50
Postoperative rehabilitation
A small tubular drain is placed in the intra-articular area for 24 h postoperatively. An early range of motion exercises of the affected knee are encouraged as soon as possible with no limitations in knee flexion postoperatively. No knee braces or immobilization prosthetics are used. The patients can ambulate with crutches, and they are able to bear weight on the affected limb at approximately 10% of normal in the cases that had cartilage procedures done (microfracture or mosaicplasty). Approximately 50% of normal weight-bearing in the cases with meniscal repair and full weight-bearing as tolerated in cases with only ACL reconstructive surgery.
The stitches are removed 10-14 days postoperatively. Active quadriceps contraction exercises are allowed at the earliest possible time frame. Light sports activities such as jogging, swimming, and bicycling will be allowed 4 months postoperatively. Return to contact sports activities are allowed 10-12 months following the surgery.
Pearls and pitfalls
This technique is simple and processes in the same steps of a standard anatomic single-bundle ACL reconstruction. The difference is only of the preservation of the ACL remnant to get more advantages as have been discussed previously.
The pearls and pitfalls of this procedure are shown in Table 1 . 
